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Caves on carbonate islands are useful indicators of past sea level because cave
formation is dependent on sea-level controlled freshwater lens position (flank margin
caves), or form in direct contact with coastal processes (sea caves). Sea-level curves
present a useful proxy for glacioeustatic and paleoclimate studies, so caves offer useful
data. Once a flank margin cave is breached, it may be modified and eroded by waves.
This overprinting leads to morphology similar to that of sea caves. While both indicate
past sea level, they reveal differing information about the amount of denudation that has
occurred to expose them (a paleoclimate indicator), so differentiation of these cave types
is important. This study presents some of the first sea cave data from carbonate islands,
and makes morphological comparisons between flank margin caves and sea caves from

the Bahamas, California, and Maine. Using morphometric techniques, these caves can be
distinctly identified.
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CHAPTER I
INTRODUCTION

The purpose of this study is to make a morphometric comparison of flank margin
caves and various types of sea caves, formed in carbonates in the Bahamas, and
crystalline rocks in California and Maine. Sea caves are common features of the littoral
zone on rocky coastlines with cliffs. Sea caves are usually formed when wave action
exploits a pre-existing weakness of the rock, causing differential erosion to produce a
cave. It is important to note that even in carbonate rocks, this process is largely due to
mechanical weathering and not necessarily by dissolution as in traditional karst caves.
Weakness in the rock may be due to primary or secondary structures (Moore, 1954). The
initial weakness has a large effect on the shape, size, and extent of the resulting cave, as
is clearly shown in fault controlled, elongate sea caves of Santa Cruz Island (Bunnell,
1988). In fact, a previous classification of sea caves is based on initial weaknesses and
structural controls (Moore, 1954). Most sea cave studies have been conducted on the
west coast of the United States, especially the sea caves of California (e.g. Bunnell, 1988;
1993). Sea caves are often found in very resistant rocks like basalt and granite. Perhaps
the inherent strength of these rocks allows for the formation of large caves without
collapse and without retreat of the entire coastline at a rate equal to that of cave
formation. Sea caves form in most types of rocks given the right conditions, but sea
1

caves in carbonate rocks have received only minor study. In sea caves formed in
carbonate rocks, little is known about the contribution of dissolution as an additional
enlargement process. It is probable that wave action takes advantage of previously
dissolved voids, rather than the voids being the result of sea water dissolution. It is
expected that mechanical wave action is still the dominant erosive agent for carbonate
rock sea caves.
Another aspect of sea cave formation that has not been studied is the focusing of
wave energy at specific coastal locations. In an ideal case of a rock with uniform
strength, the presence of sea caves could indicate not a rock weakness, but placement of
excessive wave energy at particular coastal sites. In such conditions, it would be offshore
underwater topography that could be the critical factor.
On a simple carbonate island like San Salvador, Bahamas, another process
produces caves preferentially near the coastline. Flank margin caves form along the
discharging margin of a fresh-water lens. The mixing of the fresh and salt water, and the
presence of organic material at the lens boundaries, allows for greater dissolution of
calcium carbonate, promoting the growth of flank margin caves (Mylroie and Carew,
1995). Flank margin caves form in the thin discharging margin of a fresh-water lens, and
therefore they tend to be much wider than they are high. Flank margin cave horizons are
controlled by the position of this freshwater lens, which is in turn controlled by the
position of sea level. Flank margin caves accessible as dry caves today in the Bahamas
are the result of a past, higher sea level, and therefore a past, higher fresh-water lens
position. Given that the Bahamas are tectonically stable, and the limestones are middle to

2

late Quaternary in age, only glacioeustasy is a possible mechanism for explaining sea
level and lens elevation above modern horizons.
Sea-level control of development is also true of sea caves, because the littoral
zone is of a limited vertical extent about mean sea level. Because both sea caves and
flank margin caves form approximately at sea level, their position can be used to indicate
past sea-level high and low stands. As flank margin caves may form very near the
shoreline (under the flank of the enclosing land mass), they are often exposed when
mechanical erosive processes breach the cave (Fig. 1). Once breached, the flank margin
cave may be exposed to modern wave energy, deposition of beach sediments and
eolianites, and further disruption by vadose dissolution. In this study, the goal will be to
examine the sea caves present on San Salvador, and determine if there is a discernable
difference between true sea caves and caves that formed by dissolution under flank
margin conditions and were later breached by mechanical erosive action. Sea caves in
the Holocene North Point Member of the Rice Bay Formation will be used as a control
(Fig. 2), because these rocks are too young to have undergone flank margin style
dissolution, and therefore coastal caves in them must be formed by wave action or some
other erosive process, such as tafoni development. Additionally, sea caves from Santa
Cruz Island in California (Bunnell, 1988) and Mt. Desert Island in Maine (Nardacci,
2002) will be compared to the sea caves of the Bahamas. Because these latter two sea
cave groups form in igneous and metamorphic rocks, they must have been formed by
littoral erosion alone.

3

Figure 1 Breached Flank margin cave in coastal setting, Cat Island. Note undulating
ceiling and floor, and ovular chamber.

4

Figure 2 Sea Cave in Holocene North Point Member, Rice Bay formation, San Salvador.
Differentiating sea caves from flank margin caves is important. Both are
indicators of sea level, but flank margin caves, being abundant and possessing a unique
morphology, provide information about the properties of the past fresh-water lens that
was responsible for their formation. Sea caves do not directly indicate aspects freshwater lens configuration, such as thickness, flow rate, and lateral extent. Therefore, if a
breached flank margin cave is interpreted as a sea cave, an opportunity to gain
information about the past lens configuration is lost. Conversely, if a sea cave is
interpreted as a flank margin cave, interpretations about the past function of the freshwater lens may be incorrect. The same is true for caves in hillslopes and scarps at higher
inland positions that were once at or near a past shoreline. Other useful information may
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be obtained from these inland caves. If they are flank margin caves, then their exposure
as open voids indicates a certain amount of hillslope retreat has occurred, and denudation
values can be obtained. If these same voids are demonstrated to be abandoned sea caves
from a past (and higher) sea level event, then they indicate that minimal denudation has
occurred. The denudation necessary to open flank margin caves will at the same time
have removed any sea caves that might have been present in the exterior of the same
outcrop.
The possible data that can be extracted from sea caves and flank margin caves
about past fresh-water lens configurations, or the rate of landscape denudation, are both
paleoclimatic indicators, and therefore useful in studies that range far beyond the narrow
geographic position occupied by these caves. Therefore, morphometric differentiation
between sea caves and flank margin caves provides a useful database for subsequent
studies.

Hypotheses
Coastal flank margin caves which have been breached by erosion are not distinct
from true sea caves which are formed by wave energy, bioerosion, or other nondissolutional processes. This is because the morphological features that distinguish flank
margin caves are readily and rapidly modified by the physical erosive action of waves
and bioerosion by organisms, and are poorly preserved, resulting in a coastal cave that is
overprinted by wave action and bioerosion. Therefore, most caves in coastal
environments are expected to exhibit the morphology expected of a sea cave.

6

Flank margin caves which have not been subject to littoral erosion will be distinct
from true sea caves. Bahamian sea caves are distinct from other sea caves formed in
crystalline rocks (Santa Cruz Island and Maine) because they form without a preexisting
structural weakness that guides their morphology.
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CHAPTER II
LITERATURE REVIEW

The Bahamas

Geographic Setting
The Bahamian Archipelago is a 1,400 km long northwest-southeast trending
island chain, extending from off the east coast of Florida to just off the coast of Cuba to
the southwest, and then continuing southeast towards the Turks and Caicos Islands
(Fig.3). The Bahamian islands are the uppermost exposure of large carbonate banks. The
land area is 11,406km2 with over 100,000km2 of shallow carbonate bank, within the
200m depth contour (Meyerhoff and Hatten, 1974). These carbonate platforms have been
the site of carbonate deposition since the Cretaceous. The portions of these banks
currently above sea level consist of primarily of eolian dune deposits from a variety of
glacioeustatic sea-level positions, and subtidal facies from the last interglacial sea-level
highstand.
San Salvador (where most of the field work was conducted) is the outermost
island of the Bahamas, located on the northeast side of the archipelago. San Salvador is
made up of young carbonates, Pleistocene and Holocene in age. Included in these
limestones are eolianites, beachrock, fossilized coral reefs, subtidal facies, beach facies,
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and paleosols. San Salvador has a wide variety of karst features, including flank margin
caves (Mylroie and Carew, 1995), banana holes (Harris, 1995), blue holes (Mylroie et al,
1995), pit caves, littoral caves (this study), and paleosol caves (Mylroie, 1983), coastal
karren (Taborosi et. al, 2004), and pseudokarst tafoni caves (Walker, 2006).

The Bahamas
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Figure 3 LANSAT 7 view of The Bahamas. Obtained using NASA Worldwind 1.3.
Light blue indicates extent of shallow bank. A = Abaco, B = New Providence,
C = Andros, D = Cat Island, E = San Salvador, F = Long Island. Note that San
Salvador is isolated and occupies nearly its entire platform.
The climate of the Bahamas is subtropical with warm temperate winters and
tropical summers (Sealey, 1994). The Bahamas are generally highly humid and receive
rainfall year round, though more precipitates in summer and fall. Due in part to their
9

long extent and their position in the storm track of many tropical cyclones, some part of
the Bahamas is affected by strong tropical storms every year. For example, Hurricane
Frances passed directly over San Salvador on September 2nd, 2004. The climate is
dominated by the northeast trade winds. In summer, the prevailing winds are from the
east and southeast, and in winter they are northeasterly. Weather fronts from North
America create northwesterly wind events. The northern islands receive more rainfall
than the southern islands. The Bahama Island chain can also be divided into two climatic
provinces with the islands in the north having a positive water budget, and the islands in
the south having a negative water budget (Whitaker and Smart, 1997), with San Salvador
being the first island in that progression with a negative water budget.

Geologic Setting

Tectonics
Despite numerous studies, the origin of the Bahamas Bank is still unclear. Due to
their potential as fossil fuel reservoirs, the structure and stratigraphy has been extensively
studied, and numerous theories abound (Meyerhoff and Hatten, 1974; Mullins and Lynt,
1977; Austin and Schlager, 1987; and references therein). It is accepted that the
formation of the Bahamas began with the rifting of the Atlantic Ocean. However, the
evolution and distribution of the carbonate platforms is still not entirely understood.
Mullins and Lynt (1977) attribute the bank structure to being a relict of horst and graben,
from the initial rifting event. Others explain the current bank structure as having been
eroded from a single “megabank” which was originally a very large Mesozoic carbonate
10

platform (Meyerhoff and Hatten, 1974; Sheridan et al., 1981; Austin and Schlager, 1987;
Ladd and Sheridan, 1987). Near-vertical failure planes associated with mass wasting
events do exist (Daugherty et al, 1986; Carew and Mylroie, 1989; Carew et al, 1992), and
it has been suggested that in the Tertiary, tectonic activity along the North
American/Caribbean plate boundary produced bank segmentation and large scale bankmargin retreat, which would have created the small platforms seen in the southern
Bahamas (Freeman-Lynde and Lohmann, 1992; Mullins et al., 1992).
Regardless of their origins, shallow water carbonates have kept pace with the
subsiding basin since the beginning, resulting in a shallow-water carbonate sequence over
5.4 km thick (Meyerhoff and Hatten, 1974). Fortunately, understanding the tectonic
evolution of the Bahama Bank is not critical in interpreting Quaternary events, because
the Bahamas have been tectonically stable for at least the last several hundred thousand
years (Carew and Mylroie, 1995a). Slow isostatic subsidence of 1 to 2m per 100,000
years (Mullins and Lynt, 1977) is the only tectonic consideration.

Glacioeustacy
The Bahamas Bank have been exposed and inundated numerous times during
glacioeustatic lowstands and highstands (Fig. 4). During lowstands, the banks were
entirely exposed and subaerial land was much more extensive than today. On smaller
islands like San Salvador, the bank is much less extensive, so subaerial exposure during
lowstands was not drastically different than subaerial exposure today. During highstands
(when glaciers and ice sheets were less extensive), the bank was flooded, and sea level
was about 6m higher than today’s position. During still-stands (static sea level, or the
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turnover period at sea level peaks and troughs) caves may form near sea level. These
caves are later exposed or flooded, and their positions are a useful proxy for sea level
changes (Carew and Mylroie, 1997).

Figure 4 Oxygen isotope derived sea level curve. Note OIS 5e highstand, ~125ka,
which is about +6m relative to modern sea level. (Mylroie, et al., 1995)
Abundant eolian calcarenites are found throughout the Bahamas. These correspond with
transgressive or regressive sea level conditions. The Quaternary stratigraphy of the
Bahamas is well established and is discussed in the stratigraphy section.

Stratigraphy
The stratigraphy of the Bahamas, especially San Salvador, has been established
by Carew and Mylroie in numerous papers, most notably GSA Special Paper 300 (Carew
and Mylroie 1995b). The following discussion is summarized from that work. A
different stratigraphy has been proposed by Hearty and Kindler (1993), but the Carew
and Mylroie stratigraphy is most widely cited and user-friendly, especially in field-work
conditions, and so will be used in this study.
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The subaerial strata of the Bahamas is divided into three formations, deposited
during glacioeustatic sea-level highstands (Fig. 4), which are bounded by unconformities
covered by paleosols, which represent times of lower sea level and periods of little
sediment production. The presence of a paleosol indicates a long period of exposure
during a sea-level lowstand, when carbonate sediment production was negligible. Terrarossa paleosols are largely composed of Saharan dust from across the Atlantic Ocean.
These exposed strata are Middle Pleistocene or younger, illustrating the youthfulness of
the landscape and the rapidity with which it is altered.
In this study, differentiating between the Holocene and Pleistocene units is
sufficient, because Holocene rocks are probably too young to support flank margin cave
development, thus, any coastal caves in the Holocene Rice Bay Formation are most likely
true sea caves formed by non-dissolutional processes. However, sea level has been at its
present height for about three thousand years which may be enough time for development
of significant dissolutional voids, similar to the syngenetic cave formation that has been
suggested for the Primeval Forest National Park area on New Providence Island during
OIS 5e (Mylroie et al., 2006). Figure 5 shows this physical stratigraphy
diagrammatically.

Owl’s Hole Formation
The oldest unit on San Salvador is the Pleistocene Owl’s Hole Formation, which
is composed of eolianite packages which are primarily bioclastic. There are no subtidal
units, and ooids are extremely rare. Rocks of the Owl’s Hole Formation underlie many
of the large Pleistocene eolianite ridges. Most Owl’s Hole rocks are peloidal/bioclastic
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eolianites, but oolitic units are also known on New Providence Island. In some locations
rocks of the Owl’s Hole formation exhibit extensive micritization, but in most locations,
especially in upland areas (such as Watling’s Quarry on San Salvador), they are only
weakly cemented (Carew and Mylroie, 1995b). These older rocks are usually only
exposed in pit caves (e.g. Owl’s Hole, the type locality) coastal areas, road cuts, and
quarries.

Figure 5 Physical Stratigraphy of the Bahamas (Carew and Mylroie, 1995b).
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The Owl’s Hole Formation is separated from the overlying younger formations by
a paleosol or other erosional surface if the paleosol is missing. The presence of a paleosol
indicates a long period of exposure during a sea-level lowstand, when carbonate sediment
production did not occur. Terra-rossa paleosols are largely composed of Saharan dust
from across the Atlantic Ocean. The overlying eolianites of the Grotto Beach Formation
(OIS 5e) are oolitic in some locations, and contain fossil corals in others which indicate a
subtidal facies deposited on a highstand. Therefore, the older Owl’s Hole must have been
deposited before the last interglacial (OIS 5e, ~125ka), the highstand before the modern
highstand. Paleomagnetic analysis and stratigraphic associations confirms that Owl’s
Hole rocks are older than oxygen isotope substage 5e (~125ka), and may be as old as
stage 7 (~220ka), stage 9 (~320ka), or stage 11 (~410ka) (Carew and Mylroie, 1995b).
The Owl’s Hole Formation contains additional paleosols, dividing it into upper and lower
Owl’s Hole Formation, but these differences are difficult to ascertain in the field. In
some coastal settings, the overlying terra-rossa paleosols may be eroded away, which can
lead to misinterpretation. If present, the paleosol is usually overlain either by eolianites
of the Grotto Beach Formation that are themselves capped by a paleosol, or by subtidal
deposits of the Grotto Beach Formation. However, due to the patchy nature of eolian
deposition, there may be no units at all above the Owl’s Hole Formation, or even the
Holocene Rice Bay Formation.

Grotto Beach Formation
The Grotto Beach Formation is the most widespread formation throughout the
Bahamas and contains eolianites, fossil reefs, subtidal and intertidal facies, commonly
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with abundant ooids. The Grotto Beach is divided into the French Bay and Cockburn
Town Members. The Grotto Beach Formation is also separated by a paleosol (in most
places) from the younger Rice Bay Formation.
In most places the Grotto Beach Formation is separated from the older Owl’s
Hole Formation by a paleosol. The Grotto Beach Formation was deposited during
oxygen isotope substage 5e, 131,000 to 119,000 years ago – the last interglacial sea-level
highstand (Chen et al., 1991). The older French Bay Member is a transgressive-phase
eolian deposit which in some locations contains well-developed ooids (Carew and
Mylroie, 1995b). The Cockburn Town Member includes the subtidal, beach, and eolian
facies deposited during highstand and regression. Subtidal deposits, including wellpreserved reefs and well-developed herringbone cross-bedding, are up to 4 m above
current sea level (Carew and Mylroie,1995b). Because the Grotto Beach Formation was
the most recent subaerial subtidal deposit, subaerially-exposed marine deposits found in
the Bahamas are categorized as Cockburn Town Member. Other subtidal deposits exist,
but either isostatic subsidence has moved them below current sea level, or they simply
have not been found.
Grotto Beach eolianites are largely oolitic. Eolianite dunes of this formation reach
up to, and sometimes exceed, 30 m in height, especially where one dune overrides an
earlier one. Such a situation is most likely the case for Mount Alvernia on Cat Island
which at over 60m is the highest point in the Bahamas (Mylroie et. al, 2006). Eolian
ridges form close to their sediment source (the submerged platform and reefs) adjacent to
beaches, and are cemented before they can travel very far (unlike siliciclastic dunes,
which may travel many kilometers). The Grotto Beach Formation is also capped by a
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terra-rossa paleosol, although it has been eroded away in numerous localities. If the
paleosol is missing or not visible, Grotto Beach Formation subtidal rocks are identifiable
in the field by the presence of back beach breccia facies, fossil coral reefs, and
herringbone cross-bedding. Transgressive facies are often accompanied by well
developed vegemorphs, primarily root casts, and other plant ichnofossils (e.g. palm frond
imprints, palm trunk casts). However, vegemorphs are found in lesser abundances in the
other formations as well.

Rice Bay Formation
The Rice Bay Formation is Holocene in age, and consists of mainly eolianites
comprised of peloids and bioclastics with some weakly developed ooids being reported
(Carew and Mylroie, 1995b). The Holocene age of the rocks means that not enough time
has passed for development of a terra rossa soil or paleosol. The lack of a terra rossa
paleosol is a key identifying marker for the Rice Bay Formation. The Rice Bay
Formation has been deposited during the Holocene sea-level transgression and stillstand.
These rocks lie above the unconformity that is represented by the terra-rossa paleosol that
overlies the Grotto Beach Formation in most localities. However, due to the patchy
nature of eolianite deposition, it is possible to have Rice Bay Formation rocks directly
above the Owl’s Hole Formation. The Rice Bay Formation is divided into two members,
the North Point Member, and the Hannah Bay Member, according to differences in
bedding character, allochem composition, and position relative to current sea level
(Carew and Mylroie, 1995b).
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Transgressive phase eolianites of the North Point Member have steeply dipping
foreset beds, and characteristically have their base at least 2 m below current sea level,
recognized in the field by foreset beds dipping below modern sea level. The type section
of this member is North Point on San Salvador, which contains numerous sea caves.
North Point Member rocks are 6,100 – 3,700 B.P. (greatest accumulation ~5,000 B.P.), as
determined by whole rock 14-C dating (Boardman et. al, 1989; Carew and Mylroie,
1995b).
The Hannah Bay Member of the Rice Bay Formation consists of modern stillstand beach and eolian facies. Hannah Bay deposits were emplaced during the current sea
level stand, and are found at the same elevation as modern beaches, with their lower beds
asymptotic to sea level. Hanna Bay Member rocks are generally less well-cemented than
North Point Member rocks. Hanna Bay Member rocks are less than ~3ka, based on 14-C
dating (Boardman et. al, 1989, Carew and Mylroie, 1995b).

Caves and Karst Features

Sea Caves
Sea caves are formed by wave action on sea cliffs (Culver & White, 2005). They
form only under a special set of conditions. In order for sea caves to form, there must be:
(1) a sea cliff or steep rock face in direct contact with the erosive forces of waves, (2) the
cliff face must contain certain preexisting weakness such as fractures or less resistant
textures which allow for the establishment of differential erosion (though wave focusing
might yield the same result), and (3) the rock of which the cliff is composed must be of
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sufficiently resistant nature so as to prevent rapid formation of a protective beach at its
base (thereby attenuating wave energy) and allow for a sizeable cavity to form without
collapse (Moore, 1954). In the Bahamian carbonates, preexisting weaknesses are largely
absent, but the rocks are still weak enough to allow erosion, despite their uniformity. Sea
caves are therefore restricted to the littoral zone, within the range of the tides. Sea caves
are common on coasts around the world. Many large sea caves are found along the west
coast of the United States, especially California (Bunnell, 1988; 1993) (Fig. 6), Alaska
(Hackman, 1949) and Oregon (Heald, 1956). Sea caves are less common along the east
coast due to the low relief and absence of resistant strata, with Maine being an exception
(Nardacci, 2002; White, 1988), where sea caves are formed in granitic and other
crystalline rocks.
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Figure 6 Shipwreck Cave, a fault-controlled sea cave formed in volcanic rocks on Santa
Cruz Island, California. (Bunnell, 1988)
Because all sea caves form by similar means, namely the erosive action of waves,
their method of formation is not useful for classification (Moore, 1954), as it is for caves
formed in carbonate rocks (e.g. hypogenic vs. epigenic, Palmer, 1991). In addition, the
erosive action of waves alone will not necessarily form a sea cave on a sea cliff.
Differential erosion is the main mechanism for sea cave formation (and later arches and
sea stacks), which is often initiated by an existing weakness in the rock which is more
easily eroded. A weak zone may be caused by a variety of phenomena. Weakness may
be caused by structures like faults, folds, joints, or may be stratigraphic features like
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unconformities, differential cementation, resistant or easily eroded beds, or lateral
variation in a rock unit. In the weak carbonates on San Salvador, the caves mostly form
along sub-horizontal eolian bedding planes.
The mechanical erosion of waves exploits these weaknesses, causing differential
erosion and formation of an initial incision or “notch” (Reece, 2004). The erosive power
of waves is accentuated by sand-sized material in suspension and also by larger clasts
undergoing traction (Moore, 1954). Furthermore, small gaps or cracks in the rock may
be wedged apart by the compression of air and water where the wave impacts the rock
(Kuenen, 1950). On carbonate coasts, another process involved in initial erosion and
enlargement may be dissolution by sea water. Though surface waters in many parts of the
world ocean are saturated with respect to calcium carbonate, some coastal sculptured
rock surfaces occur which appear to owe their origin to dissolutional processes (Trudgill,
1985). Enlargement is also aided by boring/grazing organisms such as bivalves, limpets,
chitons, and sponges (Neumann, 1966; Moore, 1954), which may contribute up to a third
of the material removal in carbonate rocks (Trudgill, 1985).
Means of enlargement is also not a good way of classifying sea caves, since sea
caves are enlarged by a variety of processes, often acting at the same time, making
classification complicated or impossible. Moore (1954) classified sea caves based on the
original structure or weakness that allowed for differential erosion and subsequent cave
formation. His classification for sea caves is as follows:
I. Fractures and fracture structures resulting from deformation.
A. Faults
B. Joints
C. Breccias
1. Frictional breccias
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2. Volcanic breccias
3. Intrusion breccias
II. Original structures resulting from deposition or consolidation.
A. Depositional structures
1. Stratification
2. Variations within a given stratum
3. Uniformities
B. Consolidation structures
1. Irregular cementation
2. Internal structures of lava flows

The previous classification works well for crystalline rocks that have a weakness
within them. The sea caves from Santa Cruz Island can be easily classified using this
scheme (Fig. 6). However, Moore’s classification fails to account for differential erosion
on a coast-line of apparent uniform strength such as in the Bahamas, where rocks are
relatively consistent in strength and composition. Minor variations do exist between
bedding planes of these eolianites, which may present such a weakness. Sea caves can
form in coastlines with no significant pre-existing weakness. One explanation of these
phenomena involves focusing of wave energy due to offshore features (e.g. islands,
differential bathymetry), thereby causing differential erosion without a specific source of
rock weakness. San Salvador (and other Bahamian islands) is ringed by reefs, well away
from the shoreline. These reefs are not continuous around the perimeter of the island and
may present a focusing mechanism for wave energy and lead to differential rock erosion.
This has yet to be investigated and is beyond the scope of this project.
Because the Quaternary eolian carbonates of the Bahamas are undeformed, zones
of weakness must be the result of depositional or consolidation structures. The Bahamas
consist of Quaternary and Pleistocene carbonates, and all land above 6 m elevation (and
much of it below 6 m elevation) is made up of eolianites and subtidal deposits. It is
probable that differential cementation and consolidation, variations within the stratum,
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and bedding planes may be responsible for this initial weakness. In this study, the
occurrence of a guiding structural weakness (such as faults or joints) was investigated,
and besides bedding planes, found to be absent.
The morphology of sea caves is largely dependent upon this initial weakness, if
present, especially in the case of fault/fracture/joint controlled sea caves (Moore, 1954;
Bunnell, 1988, 1993). One of the principle investigations of this study is examining the
morphology of sea caves on San Salvador, while paying attention to bioerosion traces,
bedding planes, joints or faults (if they are present), and wave action, since these all
contribute to erosion on carbonate coasts. These structural weaknesses are absent in the
caves examined on San Salvador, so another mechanism must be causing this preferential
erosion of sea caves. Wave focusing initiated by patch reefs or offshore cays (small
islands) may present such a mechanism.

Sea Caves in Carbonate Rocks
Numerous studies have investigated coastal karst/pseudo-karst processes such as
notching (Reese, 2006; Mylroie and Carew, 1991), coastal karren (Taborosi et. al, 2004),
carbonate solution by seawater (Morse et al., 1980), bioerosion (e.g. Trudgill, 1985;
McLean, 1974; Neumann, 1966), and flank margin caves (Mylroie and Carew, 1995).
However, in this review of the literature, no studies were found specifically about sea
cave formation in carbonate rocks. The literature on sea caves is restricted to the larger
sea caves formed in more resistant crystalline rocks, such as those found in California
(Bunnell, 1988, 1993) (Fig. 5), Maine (Nardacci, 2002), Alaska (Hackman, 1949) and
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elsewhere. Therefore, this study aims to address the problem of sea cave formation in
carbonates (Figs. 2 and 6) by investigating this issue.

Figure 7 What appears to be a sea cave in carbonate coastal cliff. Rice Bay, San
Salvador, Bahamas.
A morphologic analysis of sea caves was conducted, using similar methods as a
morphologic analysis of flank margin caves studied by Roth (2004, 2006), which
examined entrance width, interior width, maximum width and length, area, perimeter, and
various other parameters (discussed in methodology).
Another interesting feature is presented by “coastal notches” (Fig. 8). These
appear to be collapsed caves, because they exhibit similar morphology to coastal caves,
but without a ceiling. These features are abrupt “coves” cut into the bedrock coastline,
and may extend tens of meters inland (Fig. 8). These features are found on coastlines that
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have numerous sea caves, and may be very deep vertically (i.e. beyond the zone of littoral
wave attack), which raises the possibility that they might be collapsed caves. Three of
these features were surveyed and mapped (Appendix III).

Figure 8 Coastal Notch on the southern coast of San Salvador

Bioerosion
Bioerosion is a process by which organisms are involved in the direct and indirect
removal of carbonate rock. Some organisms feed on epilithic algae by rasping away with
their radula which can have a Moh hardness of 6, compared to about 4 for the carbonate
rock it is scraping (Trudgill, 1985). These grazing organisms include chitons, gastropods,
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urchins (Fig. 9), and patelliform mollusks, all of which are abundant in the Bahamas.
Other organisms bore directly into the rock, such as sponges, types of algae, barnacles,
bivalves, and urchins. Additionally, some fish – especially parrotfish – are known to
ingest large quantities of coral. It is likely that they graze in the intertidal zone, and
therefore represent another significant bioeroder.

Figure 9 Sea urchin occupying a groove in limestone, scraped out by bioerosional
processes. San Salvador, Bahamas.
Direct removal of material leads to further weakening of the rock, allowing
physical wave action to more easily erode. It should also be noted that some organisms,
especially algae, encrust the rocks, protecting them from erosive processes (Trudgill,
1985). The low light interior of many sea caves is coated with purple encrusting algae
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(Fig. 10). Bioerosion is a significant force in the removal of material along coastlines.
Bioerosion often leads to an overhanging “c” shaped notches (Fig. 11) which have been
documented around the world. These features are also indicative of sea level position,
and their interpretation has important implications (Reece, 2004 and 2006).

Figure 10 Purple encrusting organisms on the floor of a sea cave, North Point, San
Salvador.
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Figure 11 Bioerosion notch, Cat Island, Bahamas.
When trying to differentiate between true sea caves and breached flank margin
caves, the amount of erosion or modification of the existing void (if it is a breached flank
margin cave) is difficult to quantify. Morphometric parameters were tested to see if, by
themselves, they are enough to differentiate between true sea caves and breached flank
margin caves.

Flank Margin Caves
Flank margin caves form from mixing dissolution on carbonate islands along the
discharging margin of the fresh-water lens, under the flank of the enclosing land mass
(Mylroie and Carew, 1995)(Fig. 12). The lens-shaped configuration is the result of
isostatic buoyancy differences between the fresh or brackish terrestrial water and the
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saline marine water. Due to density differences, the fresh-water table extends to a depth
approximately forty times the height of the water table above sea level. This relationship
is known as the Ghyben-Herzberg-Dupuit principle and is useful for understanding
unconfined coastal aquifers, such as in the Bahamas (Vacher, 1988). In these settings, a
vadose/ phreatic mixing zone occurs at the top of the fresh water lens, and a marine/
fresh-water mixing zone at the bottom of the fresh-water lens. Carbon dioxide production
from the floating organics occurs at both horizons and with severe organic loading,
anoxic conditions may develop, further enhancing dissolution (Bottrell et al., 1993). As
the lens thins near its margin, these two mixing zones become superimposed, allowing
for increased dissolution and the formation of larger voids. Because these caves form at
the distal margin of the lens, under the flank of the enclosing landmass, they are called
flank margin caves.

Figure 12 Voids formed due to mixing dissolution in a simple carbonate island
freshwater lens setting (modified from Mylroie and Carew, 2000).
Morphologically, flank margin caves are characterized by oval rooms separated
by thin walls, maze-like passages, undulating ceilings and floors, bedrock pillars, and
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passages terminating in bedrock walls (Mylroie and Carew, 1995) (Fig. 13). Because
they form relative to sea level, they are vertically restricted (reflecting lens geometry) but
may be several thousand square meters in aerial extent (Roth, 2004). However, vertical
development may be evident if the cave has been intersected by vadose shafts, but these
are secondary features. These voids are formed by the enlargement and intersection of
smaller voids as dissolution in the lens margin progressed over several thousand years
(Mylroie and Carew, 1995). Because flank margin caves form at or near their
contemporary sea level, they are useful indicators of past sea level position. Flank
margin caves above modern sea level in the Bahamas (which are now dry and accessible)
formed during the last interglacial, which corresponds with oxygen isotope stage 5e (OIS
5e), when sea level in the Bahamas was approximately 6m higher than at present,
~125ka. Speleothems may be present in dry (OIS 5e) flank margin caves. Due to their
coast-proximal position, flank margin caves are often breached by normal erosive
processes like wave action or cliff retreat (Fig. 1). Once exposed to wave energy, a flank
margin cave may be modified by the mechanical erosive energy of the waves. Given
enough time, the characteristic morphology of a flank margin cave may be overprinted by
sea cave erosive processes and deposition, therefore making differentiation impossible.
Undulating floors may be smoothed by bioerosion and scouring, ceilings may collapse,
speleothems and bedrock pillars destroyed, and maze-like passages eroded away. The
OIS 5e highstand resulted in a shoreline well inland from current sea level position, so
dry flank margin caves associated with this period often occupy inland positions.
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Figure 13 Flank Margin cave from Cat Island, Bahamas. Note numerous bedrock pillars
and blind passages.
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Flank margin caves are hypogenic in origin (Palmer, 1991). Because void
development is due to mixing, flank margin caves develop with no openings to the
surface, and are only found when breached by hillslope retreat or vadose intersection.
Flank margin cave development commonly ignores bedding and structure as it develops
parallel to the fresh-water lens. Because flank margin cave development is linked to sea
level position, caves are useful proxies for glacioeustatic fluctuations. Additionally,
speleothem analysis can reveal records about sea level changes as well (Mylroie and
Carew, 1988).

Spatial Distribution of Sea Caves on San Salvador
Sea cave formation is limited to areas with coastal cliffs that have little or no
beach seaward of the cliffline (Fig. 14). On San Salvador, there are several areas that
meet these criteria, but not all of them were examined (Fig. 15). The sea caves examined
in this study were limited to three major areas: (A) North Point, Cut Cay and the
Holocene Cliffs along Hannah Bay (Fig. 16), (B ) The cliffs near the “Gulf” along the
southeast coast (Fig. 17), and (C) and the cliff-line north of Grotto Beach (Fig. 18). Sea
caves were observed (but not surveyed) on Green Cay, Crab Cay, Gaulin Cay, Cato Cay,
and at The Bluff. Additionally, cliffs are found near Cockburn Town, at Almgreen Cay,
as well as other offshore cays such as High Cay and White Cay (Fig. 15). These have not
been investigated.
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Figure 14 Cliffs at “The Gulf” with numerous sea caves. Note lack of beach. San
Salvador, Bahamas.
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Figure 15 Map of San Salvador, Bahamas. Note locations of surveyed caves.
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Figure 16 Some sea cave locations (red circles) on North Point, Cut Cay, and Hanna
Bay.
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Figure 17 Some sea cave locations (red circles) at the Gulf.

Figure 18 Sea cave locations (red circles) at the cliffs north of Grotto Beach.
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It is important to note that all the locations where sea caves were found were
exposed to high wave energy. North Point, a narrow peninsula, only had sea caves
formed on its eastern side. The western side faces Graham’s Harbor, a shallow low
energy lagoon, and is absent of sea caves. A more detailed road map is included in the
appendices, for future location of these cave sites.

Differentiation of Caves
Because both sea caves and flank margin caves form at or near the coast, at or
near sea level, their position is a good indicator of past sea level position. In addition, if
it can be determined if a cave is a flank margin cave or a sea cave, the amount of erosion
which has occurred (to expose a flank margin cave) is a useful indication of paleoclimate.
Thus, determining the cave type is important.
The carbonates of the Bahamas are young and relatively uniform, so the problem
is constrained in both time and space. Sea caves on the present shoreline must be
younger than the rocks into which they are carved. Flank margin caves exposed today
are either from a past higher sea level, or formed at a sea level near current levels in the
past and were subsequently breached (Fig. 1); or represent Holocene flank margin caves
that have formed syngenetically and have been subsequently breached.
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CHAPTER III
METHODOLOGY

Field Work
Initial field reconnaissance of the research topic was conducted under the
guidance of Dr. John Mylroie on San Salvador over the winter holidays, Dec 26th 2005 to
January 6th, 2006. Over the course of this trip, a working knowledge of Bahamian
stratigraphy was acquired. In addition, several flank margin caves and sea caves were
explored, but not surveyed. Sea Cave data collection and surveying was conducted
during June 2006 on Cat Island, and on San Salvador, Bahamas in June through early
July, 2006, as well as during late December 2006 and early January 2007.

Data Collection
Flank margin caves have been extensively mapped throughout the Caribbean
region, especially in the Bahamas. Other islands such as Isla de Mona and Puerto have
also been extensively surveyed. The previously mapped flank margin caves, in addition
to three new caves from Cat Island, will provide a database for comparison of flank
margin caves to sea caves. Previous morphologic analysis of flank margin caves was
conducted by Roth (2004) and constitutes a database for morphometric comparisons.
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Roth measured several morphometric parameters which will be discussed in a later
section.
All new caves (sea caves, “coastal notches”, and new flank margin caves) were
mapped using standard cave-surveying techniques (Dasher, 1994). This involves the use
of a Suunto sighting compass and inclinometer, fiberglass metric measuring tape, and
detailed sketching. Careful attention was paid to stratigraphy, bedding planes, presence
of fractures, speleothem occurrence and other distinct morphological features. Survey
data were reduced using COMPASS, a standard cave-survey data reduction program
which creates an accurate line plot of survey data from field measurements (Fig. 19).
The line plots were used as the basis for filling in the details from the field sketching.
Cave maps were then produced using XaraX, a drawing program similar to Adobe
Illustrator (Fig. 20 and appendices).

Figure 19 Line plot produced by COMPASS, used in map creation.
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Figure 20 Example Sea Cave map from San Salvador, Bahamas.
While in the field, cave locations were recorded with a Garmin eTrex GPS unit,
using the NAD27 SanSal Datum. These data were uploaded into a GIS (ArcGIS 9.1) and
spatial distribution of sea caves was examined.
Coastal caves present in the Holocene Rice Bay Formation on San Salvador
represent caves which most likely have formed by wave action and bioerosion, or another
non-dissolutional process (e.g. tafoni). They are too young, at less than 6,000 years of
age, to have been dissolution voids produced in an elevated fresh-water lens from the last
sea-level highstand, 125 ka, Therefore, they must not have formed by dissolutional flank
margin cave genesis, but by some other means. However, there is a possibility that they
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may represent Holocene flank margin caves, which have yet to be documented. In this
case, the flank margin cave would have formed almost immediately after the rock was
deposited. This syngenetic speleogenesis is little known and poorly documented at
present. The Primeval Forest National Park area on New Providence appears to represent
a Pleistocene example of syngenetic speleogenesis (Mylroie et al, 2006).
As previously mentioned, caves will be examined for presence of features
commonly found in flank margin caves, such as speleothems, which usually indicate the
cave was sealed, and therefore of dissolutional origin (though there are potential
alternative options, such as stalactite-like deposits of calcareous tufa; see Taborosi et al.,
2006). Flank margin caves tend to have a distinct layout of ovular shaped chambers
connected by small openings (formed by the intersection of globular chambers),
undulating ceilings and floors, bedrock pillars, etc. This morphology is not expected in
sea caves that are formed only by littoral erosion, since wave energy would quickly erode
delicate formations like bedrock pillars or speleothems. Therefore, a flank margin cave
that has been breached in a coastal setting may at first appear to be a sea cave. Flank
margin caves in an unaltered condition are expected to have a much more complex
perimeter for a given area, as well as have an entrance that is not the widest part of the
cave (as is expected for sea caves). If a flank margin cave is breached by wave attack,
littoral wave energy will modify that void.
Once cave survey data have been properly reduced and cave maps produced,
careful measurements will be taken using ImageJ, an image analysis software package.
These measurements are detailed in the next section.
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Data Reduction and Measurements

Creating and Obtaining Maps

San Salvador Sea Caves and Other Features
The San Salvador sea caves referenced in this study were mapped over the course
of several trips to the Bahamas, mainly in June of 2006. Forty-four caves that appeared
to be sea caves based on field observations. Some surveys contained more than one cave
and had to be separated from each other for measurement purposes. In the case where an
individual survey contained two caves, these were designated using a prime designation
(e.g. SC_A and SC_A’). When more than two were present, they were numbered left to
right as they appeared on the map (e.g. SC_Z_1, SC_Z_2, etc.). In the former case, the
smaller of the two caves received the prime designation. Each separate cave was
measured individually as a single cave. These original maps were created using XaraX
and exported as jpg files and uploaded into ImageJ, the program used for measuring the
cave parameters.
Coastal notches are unique features that are incised into the cliffline that appear to
be collapsed caves. Three of these features were surveyed and mapped. Additionally,
two large sea arches were also surveyed and mapped. Sea arches are essentially a tunnel
through a headland, and were not treated as sea caves.

42

Flank Margin Caves, Roth (2004)
The flank margin caves used in this study draw upon an existing database
compiled by Monica Roth in 2004. Her database includes measurements of area,
perimeter, and the smallest quadrangle that encloses the cave as mapped (with long/short
axes also recorded). More than a dozen of Roth’s flank margin caves were re-measured
to check for consistency between my methods and hers. They proved to be very close, so
her measurements were used where applicable. However, the dripline was included as
part of the perimeter in the Roth (2004) measurements. The length of the dripline is
negligible for most flank margin caves, but in some cases it is nearly the widest point of
the cave. See the section below that addresses this issue of including dripline as
perimeter. Consequently, all the caves in her data base had to be re-measured to
determine the length of the dripline and correct her perimeter measurements to coincide
with the sea cave procedure. Entrance width, interior width, and inland extension were
determined for these, because these data were not included in her database. Additionally,
three flank margin caves on Cat Island were surveyed in June 2006 and maps were
produced. These were added to the flank margin cave database.

Maine Sea Caves
Eight maps for sea caves from Mount Desert Island in Maine (Acadia National
Park) were obtained from a NSS Convention Guidebook (Nardacci, 2002). These maps
were scanned in tiff format and imported into ImageJ for measurements.
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Santa Cruz Sea Caves
Ninety-eight maps for sea caves from Santa Cruz Island off the coast of California
were obtained from Bunnell (1988). These maps were scanned in tiff format and
imported into ImageJ for measurements.

Measurements
All new measurements were conducted using an image analysis program called
ImageJ. A description of the program and the procedures used in measurement are
described in the following section.

ImageJ
ImageJ is a free image process program adapted from a similar program
called NIH Image, which was developed by the National Institute of Health. It is capable
of reading several image formats including TIFF, GIF, JPEG, BMP and others. It is
capable of measuring distances along single segment or multi-segmented lines, and can
measure areas within polygons of any shape. It is also capable of scaling operations with
no distortion and image rotation without distortion. A particularly useful feature allows
the user to set a known distance based on a measured number of pixels. This scale factor
remains constant throughout operations such as scaling and rotation.
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Setting the Scale

Procedure:
Setting the scale is fundamental to making all other measurements. This must be
set before all other measurements can be done. In order to set the scale, a line is created
to the same length as the scale bar on the map itself. With ImageJ, you then set this
distance to whatever “known distance” (e.g. 10m) it is on the map. The scale is set in
units per pixel so zooming in and out on the map has no effect on this scale.

Meters vs. Feet
All measurements are given in metric units. Most maps have their scale in
meters, so the unit distance is taken directly from the map. However, some of the maps,
especially older ones, have their scale in feet. This was corrected in one of two ways.
The maps were either measured using the feet scale, and later converted. Or, the unit
conversion was done during the scale setting process (e.g. 25ft = 7.62m).

Measuring Cave Area
Measuring the cave area is a straightforward but time consuming procedure. The
outline of the cave is simply traced using the polygon tool. The area is defined as the
area of the cave enclosed by the cave wall perimeter and entrance dripline. If bedrock
columns were present, these were measured separately. Their area was subtracted from
the cave area, and their perimeter was added, as per Roth, 2004.
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Perimeter and Driplines
Cave perimeter is measured at the same time as the area. It is important to note
that the dripline is subtracted from the perimeter, and column perimeters are added.

Include Dripline as Perimeter?
The decision to include the dripline as part of the perimeter may seem trivial,
especially for caves with small entrances relative to their overall size. Roth included the
dripline within the perimeter calculations. Most sea caves measured exhibited an
entrance that is the widest part of the cave. On the other hand, many flank margin caves
had small entrances compared to their overall size, so dripline was a minimal part of their
perimeter.
In a breached flank margin cave, the opening represented by the entrance was
once an enclosed part of the cave, because flank margin caves form by mixing
dissolution, with no macroscopic entrance. Therefore, it is acceptable to include the
dripline as part of the perimeter. However, with a sea cave, the cave has formed by
cliffline erosion alone, and the entrance has always been exposed, so it makes no sense to
include the dripline as part of its perimeter.
In order to keep the analysis objective, the dripline either needs to be included or
excluded for both types of caves, because the decision to include it depends on the cave
type, which is what is to be proved by measurements alone. Therefore, it was decided
that the dripline would not be included as part of the perimeter, and was subtracted from
the overall perimeter in all cases.
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Measuring Driplines
As previously mentioned, driplines had to be measured and subtracted from the
total perimeter. This perimeter is what is used in subsequent analyses. If the cave has
more than one entrance, the length of all driplines is summed. In flank margin caves with
numerous small pit entrances, only the main entrance (as indicated on the map itself) was
measured.

Measuring Entrance Width
The width of the entrance was defined as the distance from one corner of the
dripline to another. In those cases where multiple entrances exist the largest entrance was
measured. In cases where the entrance was divided by a relatively small (less than a few
meters) bedrock pillar, it was considered one large entrance. This was rarely a
consideration for sea caves.

Measuring Interior Width
Measuring the interior width is a somewhat subjective measurement. In general,
the maximum interior width was the largest open space, nearly parallel to the entrance.
In cases where the entrance was indeed the widest point, this measurement was used for
the interior width as well. In caves with pit entrances (nearly circular) that had no
indication of hillslope or coastline orientation, the interior width was considered to be the
smaller of the longest distances measurable in the cave. The longer was considered to be
inland extension.
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Measuring Inland Extension
Inland extension was measured as the furthest distance back from the dripline,
whether the line was contained by the cave passage or not. In several cases, the
orientation of the cave was such that the “interior width” was much greater than its inland
extension. Often times, there was no cliffline indicated on the map, so a line was drawn
from the center of the entrance to the furthest point away inside the cave.

Quadrangle Fitting Procedure
In order to compare minimum quadrangle measurements conducted by Roth
(2004), a method was needed to create the smallest rectilinear quadrangle that would
enclose the entire cave. Using ImageJ, there is no way to create a rectangle and then
rotate it to fit the cave. However, the image itself can be rotated and a quadrangle can
then be created to the minimum size. A rectangle was created in the original map
orientation and its area measured. The length of the long and short axes was also
recorded. If a cave had a dominant long axis, the map was rotated such that it was
horizontal on the screen. The map was then rotated in small increments (0.1 degrees) at a
time until a minimum area was found. For caves with no dominant long axis, numerous
orientations were tried until a minimum area was found. Often the map was rotated past
its minimum quadrangle orientation, and had to be rotated back in small increments until
a minimum area was achieved.
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CHAPTER IV
RESULTS
The various measurements used in this morphometric analysis have already been
defined in the methodology section. The following discussion explains the results of the
morphometric analysis and elaborates on the usefulness of each measure for comparison
between various cave types. In the statistical analysis, ANOVA (analysis of variance, ftest) was first conducted to determine which type of t-test to use (e.g. type 1, 2, or 3). Pvalues (a measure of confidence) are based on these t-tests.

Cave Categorization
The main goal of this study is to differentiate between hypogenic dissolutional flank
margin caves and sea caves that form by littoral erosion. Because these cave types form
by entirely different processes, their morphology is expected to be different. However,
wide variation exists in sea cave morphology. Much of this variation is due to rock type
and structural control. The Bahamian sea caves sampled all occur in uniform,
undeformed Quaternary carbonates. The sea caves of Santa Cruz Island are formed in
Miocene basalts and agglomerates, which are extensively faulted and jointed (Bunnell,
1988). The sea caves from Maine are formed in pre-Silurian schists (Nardacci, 2002).
The latter two groups are crystalline rocks which are essentially insoluble, so need not be
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compared to flank margin caves. Because the sea caves sampled occur in distinctly
different rocks, it has been useful to examine the differences between these different
caves. However, comparisons between flank margin caves and sea caves formed in
crystalline rocks is not useful, because the latter do not have any dissolution involved in
their formation. Therefore, comparisons will be made between Flank margin caves and
San Salvador Sea Caves; San Salvador Sea Caves and Santa Cruz Sea Caves; San
Salvador Sea Caves and Maine Sea Caves; and Santa Cruz Sea Caves and Maine Sea
Caves.

Area as a Measure of Size
In the literature and among most speleologists, cave “size” is usually defined as a
measure of surveyed passage length. However, in both flank margin caves and sea caves,
the cave configuration is often a single large chamber, or series of interconnecting
chambers. Passage or survey length is therefore a poor measure of the cave size. In this
study, the relative “size” of a cave is determined by its areal footprint, because this a
better measurement of the space occupied by the cave. This follows the conventions
established for flank margin caves as per Roth’s methodology (2004).

Comparison of Cave Types
When trying to differentiate between the various cave types, only certain measurements
are useful. Because many of the measurements are dependent on size, they have to be
normalized so they can be used between groups. The four parameters used to
differentiate between cave types are: Area to Perimeter Ratio (A/P Ratio), the Ratio of
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the Quadrangle Short/Long Axes (Box S/L Ratio), the ratio of Entrance Width over
Maximum Interior Width (E/I Width), and the Percentage of the quadrangle filled by the
cave area (Box Fill %). The other measurements will be discussed later. The raw data
for these analyses are listed in Appendix IV.

Area to Perimeter Ratio
Area and Perimeter by themselves are measures of size, and when examined alone
are not useful for morphometric comparison. However, the ratio of area over perimeter is
a good measure of the relative complexity of the perimeter. When A/P ratio is plotted
against area for all data (Fig. 21), it is clear that the Santa Cruz sea caves have a lower
A/P ratio. Maine sea caves and San Salvador sea caves appear to fall in the same range.
Flank margin caves are quite scattered.

Area vs. Area/Perimeter Ratio, A<300m^2
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Figure 21 Plot of Area vs. Area to Perimeter Ratio for all caves in the study.
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If we examine only the caves that are within 300 m2 (Fig. 22) which are within the
range of the San Salvador sea caves, we can see that the San Salvador sea caves have a
higher A/P ratio than Flank margin caves. This shows that for a given area, the perimeter
of the San Salvador sea caves is smaller, which is what the hypothesis predicts. These
relationships are quantified below.

Area vs. Area/Perimeter Ratio, A<300m^2
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Figure 22 Plot of Area vs. Area to Perimeter ratio for caves with an area less than 300
m2. Note that San Salvador sea caves have a higher ratio than flank margin
caves.
Area to Perimeter (A/P) ratio is one of the best tools for differentiating between
the various cave types. When comparing between flank margin caves and the sea caves
of San Salvador they are distinct with better than 95% confidence (p = 0.012), based on
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the Student’s t-test. Differentiating between the various sea caves from different regions
(San Salvador, Santa Cruz California, and Maine) has also shown to be possible. The
A/P ratio shows that San Salvador sea caves are distinct from Santa Cruz sea caves with
more than 99% confidence (p = < 0.001). Maine sea caves are shown to be distinct from
San Salvador sea caves with more than 95% confidence (p = 0.016). And finally, Santa
Cruz sea caves are distinct from Maine sea caves with ~95% confidence (p = 0.063).
These results are summarized in Table 1.

Table 1 Confidence values, mean, and standard deviation for distinction between
various cave types using A/P Ratio, based on Student’s t-test.
A/P Ratio

FM vs. SSSC

SSSC vs. SCSC

SSSC vs. MSC

SCSC vs. MSC

P value

0.012

5.4x10-16

0.016

0.063

Mean

2.26 / 1.67

1.668 / 3.954

1.668 / 2.610

3.954 / 2.610

Std. Dev.

1.642 / 0.735

0.735 / 2.191

0.735 / 1.681

2.191 / 1.681

FM = Flank Margin Caves, SSSC = San Salvador Sea Caves, SCSC = Santa Cruz Sea
Caves, MSC = Maine Sea Caves
The null hypothesis for each case is that they are not distinct. When
differentiating between cave types based on A/P Ratio, the null can be rejected with at
least 90% confidence for all cave types.
Because the Santa Cruz and Maine sea caves are formed in entirely different
rocks from the Flank margin caves or Bahamian sea caves, it is useful to see how these
compare to see what effect lithology has on cave morphology. However, the Maine sea
caves are formed in granites and schists which do not exhibit the extensive faulting and
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jointing of the Santa Cruz rocks (Nardacci, 2002). Consequently, their morphology is
somewhat rectilinear, similar to San Salvador sea caves (Fig. 23).

Figure 23 Anemone Cave, a sea cave in Maine and Sea Cave “U”, on San Salvador.
Note similar simple semi-rectangular morphology in plan view.

Ratio of the Quadrangle (Box) Short/Long Axes
The quadrangle measurement is described in the methodology section. Once
again, the size of the quadrangle is a measurement of size (since it depends on area), thus
in order to use this measurement for comparison; we examine the ratio of the lengths of
the short and long axes of the quadrangle. With a square quadrangle, the ratio will be 1.
As the quadrangle becomes elongate, the ratio approaches zero. These data are plotted
against area in Figure 24. The data appears quite scattered. When we examine only
those with an area of 300 m2 (Fig. 25), we can start to notice some differences. For
example, Santa Cruz sea caves exhibit smaller ratios.
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Figure 24 Plot of Area vs. Box Short/Long Axes Ratio for all caves in the study.
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Figure 25 Plot of Area vs. Box Short/Long Axes Ratio for caves less than 300 m2. Note
that Santa Cruz sea caves tend to have lower ratios, reflecting their
elongation.
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The other relationships are hard to determine from this graph, so once again, the ttest will be used for quantification. The null hypothesis states that the various caves
types will not be distinguishable based on this measurement. Results are summarized in
Table 2.

Table 2 Confidence values, mean, and standard deviation for distinction between
various cave types using Box S/L Ratio, based on Student’s t-test.
Box S/L Ratio

FM vs. SSSC

SSSC vs. SCSC

SSSC vs. MSC

SCSC vs. MSC

P value

1.2x10-5

8.2x10-9

0.028

0.44

Mean

0.535 / 0.701

0.701 / 2.88

0.701 / 0.547

2.88 / 0.547

Std. Dev.

0.204 / 0.171

0.171 / 1.873

0.171 / 0.207

1.873 / 0.207

FM = Flank Margin Caves, SSSC = San Salvador Sea Caves, SCSC = Santa Cruz Sea
Caves, MSC = Maine Sea Caves
Based on this ratio, flank margin caves are distinct from San Salvador sea caves
with 99% confidence. Flank margin caves have a lower mean ratio (0.535 for FM vs.
0.701 for San Salvador sea caves).
When comparing the various types of sea caves, this measurement does an
excellent job is distinguishing between the elongate, fault-controlled sea caves of Santa
Cruz Island and the other sea caves from San Salvador and Maine. Though they are still
statistically distinct, Maine sea caves and San Salvador sea caves exhibit rather similar
overall shapes in plan view (Fig. 23).
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Ratio of Entrance Width to Maximum Interior Width
Entrance width and interior width have already been briefly discussed in the
methodology section. The E/I Width parameter takes the entrance width divided by the
maximum interior width. When the entrance is the widest point of the cave, the ratio
equals one. As the entrance becomes smaller relative to the maximum interior width, as
in some flank margin caves, the ratio approaches zero. When E/I width is plotted against
cave area (Fig. 26), one immediately notices a clustering about the E/I ratio of one. This
shows the abundance of sea caves that have an entrance that is the widest point.
Otherwise the data is quite scattered, even when only viewing the caves smaller than 300
m2 in area (Fig. 27).
T-tests were conducted to quantify the usefulness of this parameter for
differentiating the various cave types. These results are summarized in Table 3.

Table 3 Confidence values, mean, and standard deviation for distinction between
various cave types using E/I Width, based on Student’s t-test.
E/I Width

FM vs. SSSC

SSSC vs. SCSC SSSC vs. MSC

SCSC vs. MSC

P value

3.7x10-13

1.8x10-4

0.38

7.2x10-4

Mean

0.524 / 0.933

0.933 / 0.803

0.933 / 0.968

0.803 / 0.968

Std. Dev.

0.349 / 0.148

0.148 / 0.250

0.148 / 0.090

0.250 / 0.090

FM = Flank Margin Caves, SSSC = San Salvador Sea Caves, SCSC = Santa Cruz Sea
Caves, MSC = Maine Sea Caves
Only a few flank margin caves have an E/I ratio of one. Most flank margin caves
are shown to have a much lower E/I ratio than San Salvador Sea caves (mean = 0.524 for
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flank margin caves, 0.933 for San Salvador Sea Caves). Using this parameter, these two
caves types can be differentiated with better than 99% confidence.
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Figure 26 Plot of Area vs. Entrance/Maximum Interior Width for all caves in the study.
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Area vs. E/I Ratio, A<300m^2
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Figure 27 Plot of Area vs. Entrance/Maximum Interior Width for caves with an area less
than 300 m2. Note that most San Salvador and Maine sea caves have a ratio
of one, which illustrates that their entrance is the widest part of the cave in
most cases.

Santa Cruz Sea caves are distinct from San Salvador Sea caves as well (p =
1.8x10-4). The Santa Cruz Sea caves have a lower E/I ratio (mean = 0.803 for Santa Cruz
caves, mean = 0.933 for San Salvador caves).
Because the sea caves on San Salvador and the Maine sea caves have a similar
overall morphology (Fig. 23), it is not surprising that they cannot be differentiated by this
method with much confidence (p = 0.38). With one exception (Anemone Cave), all the
Maine sea caves have an E/I Ratio of one. Three-quarters of the San Salvador Sea caves
have an E/I ratio of one, with the rest being slightly below one (with a few exceptions).
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Percentage of the Quadrangle (Box) Filled by the Cave Area
This parameter takes the area of the quadrangle and divides it by the area of the
cave (see methodology for specifics). This parameter was originally designed for
differentiating between the irregular globular chambers of flank margin caves and the
linear, dendritic networks of continental stream caves. Flank margin caves were shown
to have a much higher percentage of their quadrangle filled than the continental stream
caves (Roth, 2004). However, the caves in this study generally consist of one large
chamber (most sea caves and flank margin caves), or several interconnected chambers
formed in a linear arrangement (some flank margin caves). As such, they all fill the
quadrangles to a relatively high degree and have mean values of ~ 50% for the Box Fill
% Parameter, which is shown in Figures 28 and 29.
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Figure 28 Plot of Area vs. Quadrangle Fill % for all caves in the study.
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Figure 29 Plot of Area vs. Quadrangle Fill % for caves with an area less than 300m2.
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Using this parameter, the only cases where a good distinction can be made is
between Santa Cruz Sea caves and Maine Sea Caves (p = .065), and between flank
margin and San Salvador sea caves (p = 0.076), but these are not statistically significant
at the 95% level (p≤0.05). These cave groups have already been shown to be distinct by
the previous methods. This parameter is not well-suited to this particular application,
though it is quite useful in the previously mentioned example of hypogenic vs. epigenic
caves. Results are summarized in Table 4 below.
Table 4 Confidence values, mean, and standard deviation for distinction between
various cave types using Box Fill %, based on Student’s t-test.
Box Fill %

FM vs. SSSC

SSSC vs. SCSC

SSSC vs. MSC

SCSC vs. MSC

P value

0.076

0.398

0.124

0.065

Mean

54.863 / 50.074

50.074 / 48.368

50.074 / 55.863

48.368 / 55.863

Std. Dev.

18.25 / 9.65

9.65 / 13.74

9.65 / 9.41

13.74 / 9.41

FM = Flank Margin Caves, SSSC = San Salvador Sea Caves, SCSC = Santa Cruz Sea
Caves, MSC = Maine Sea Caves
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CHAPTER V
DISCUSSION, SUMMARY AND CONCLUSIONS

Discussion

Flank Margin Caves vs. San Salvador Sea Caves
Flank margin caves are distinct from the sea caves of San Salvador. As predicted,
the Area to Perimeter ratio for flank margin caves is significantly lower than that of San
Salvador sea caves. Given two caves of the same size, a flank margin cave is expected to
have a more complex (i.e. longer) perimeter, which reflects its dissolutional formation of
intersecting ovular voids. Sea caves are expected to have much smoother walls, and
therefore a lower perimeter. Thus, when comparing the A/P ratios for these two cave
types, flank margin caves should have a lower ratio than a sea cave of the same size
(area). However, smaller flank margin caves often have a rather simple perimeter. This
is because they may be only formed by the enlargement and intersection of a few voids,
instead of many. Though most of the San Salvador sea caves fall within this small size
range (<300 m2), they can still be shown to be distinct.
The ratio of the short and long axes of the quadrangle is also a useful parameter
for differentiating between flank margin caves and San Salvador sea caves. Flank margin
caves tend to have a smaller ratio. This means that they tend to be more elongate than
San Salvador sea caves. This elongation is a function of the dissolutional formation of
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flank margin caves and their dependence on the freshwater lens position. Because the
lens position and mixing front is dependent on sea level and distance to the coastline,
flank margin caves are more likely to extend laterally along the coast than inland. The
mixing front extends parallel to the coastline, so flank margin caves enlarge parallel to
the coast more so than they extend inland. This is illustrated by several flank margin
caves that wrap around the coastline, yet do not extend far inland. The sea caves of San
Salvador, however, form voids that are enclosed by a less elongate quadrangle.
The ratio of entrance width to maximum interior width was the next parameter
examined. When the entrance width is the widest point of the cave, the ratio approaches
one. When entrances are small compared to the maximum interior width, the ratio
approaches zero. Most San Salvador sea caves have a ratio of one (mean = 0.933),
reflecting the observation that their entrances are almost always the widest point of the
cave. Flank margin caves are expected to have a smaller value, because they can be large
voids, breached by hillslope retreat or vadose intersection (pit entrances). However, in
some cases, more than half of a flank margin cave may have been eroded away. In these
instances, the entrance becomes the widest point. Apparently, most of the flank margin
caves in this study are not this extensively eroded, because their E/I Width is low (mean
= 0.524).
The quadrangle filling parameter was proven to be useful for differentiating caves
after the statistics were examined. However, no obvious clear separation is apparent
without statistical analysis (as illustrated in Figs. 29 and 30). Furthermore this was by far
the hardest parameter to visualize during field inspection.
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San Salvador Sea Caves vs. Santa Cruz Sea Caves
Because all sea caves form mostly by the erosive action of littoral wave energy, it
might be expected that they will have similar morphologies. However, structural controls
can have a considerable effect on their morphology. The sea caves of Santa Cruz occur
in extensively faulted and jointed rocks. This preexisting weakness strongly guides their
morphology, resulting in long, linear caves (Fig. 5). As a result, their A/P Ratio is much
different than that of the San Salvador sea caves, and they can be readily differentiated.
Additionally, Santa Cruz sea caves exhibit smaller ratios of Short/Long Axes for
the quadrangle fitting procedure, which reflects their elongation. This again illustrates
their fault/joint-controlled morphology. The penetrative fault creates a weakness that is
readily exploited by wave energy, in otherwise resistant rocks. This results in generally
elongate caves. Sometimes several faults are involved and the morphology becomes
more complex, but the faults still apparently guide their formation. Because the host
rocks are otherwise resistant, the largest documented sea caves in the world are found
here.
Entrance width vs. maximum interior width also proved to be good for
differentiating these two cave types. Though many Santa Cruz Caves simply taper in
width from their entrance to the back wall (resulting in an E/I ratio of 1) some of them are
long and narrow, but open up into a larger chamber at the intersection of faults. Painted
Cave, the largest sea cave in the world, is a good example of this phenomenon (Fig. 30).
This helps explain why Santa Cruz sea caves have a lower Entrance/Interior width ratio
(mean = 0.803). On the contrary, most San Salvador sea caves have a ratio of 1 (mean =
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0.933), which shows that more of them have a morphology that simply tapers in width
from the maximum width at the entrance.

Figure 30 Map of Painted Cave, Santa Cruz Island California. Note gradually tapering
main passage which opens into a broad room at the back of the cave.
The quadrangle filling parameter did not indicate significant (p = 0.398)
differences between these two cave types.
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San Salvador Sea Caves vs. Maine Sea Caves
Despite what at first glance appears to be similar morphology, San Salvador sea
caves and Maine sea caves proved to be significantly different. Both of these groups of
caves are formed in rocks that are absent of guiding structural features like faults or
joints. Though the rock types are completely different (homogeneous carbonates vs.
crystalline), the caves are surprisingly similar in appearance in plan view (Fig. 23). They
exhibit a generally rectilinear outline with the entrance as the widest point. Despite these
similarities, they are still distinguishable from each other by Area/Perimeter Ratio, and
the Quadrangle Short/Long axes ratio. However, Entrance/Interior width and quadrangle
filling % are not good measures of differentiating these two cave types, because their
morphology is too similar.

Santa Cruz Sea Caves vs. Maine Sea Caves
Comparing Santa Cruz sea caves with Maine sea caves is useful for illustrating
the importance of joint control on the morphology of sea caves. Both groups are formed
in similar rocks (i.e. crystalline), yet they exhibit distinctly different morphologies. As
previously mentioned Santa Cruz sea caves are fault/joint-controlled and tend to be very
elongate. Maine sea caves are formed in rocks which are absent of extensive jointing,
and exhibit a less elongate overall shape. Despite these apparent differences and average
Box S/L ratios (2.88 for Santa Cruz caves, 0.547 for Maine sea caves), they are not
significantly different according to the t-test performed. This is surprising, but is
probably explained by the very different sample sizes (98 Santa Cruz caves, 8 Maine
caves).
67

Area to perimeter ratio has been shown to be useful for telling these two caves
apart, as well as E/I width. The quadrangle filling parameter was poor at distinguishing
these two cave groups.

Summary and Conclusions
This study makes comparisons between flank margin caves and various types of
sea caves. Forty-four sea caves were surveyed and mapped on San Salvador, as well as
three “notch” features and two sea arches. Additionally, three coastal flank margin caves
were surveyed and mapped on Cat Island. Various morphometrics (perimeter, area,
dripline length, entrance width, maximum interior width, and inland extension) were
measured for comparison between caves.
These new data were compared to an existing morphometric database for flank
margin cave compiled by Roth (2004). These cave types form in the same rocks and in
similar environments, but form by entirely different processes. Because of their coastal
localities (including former shorelines from a previous highstand), these caves are easy to
misinterpret. However, morphometric analysis allowed for confident differentiation
between these two cave types.
Cave maps were obtained for ninety-eight sea caves in California and eight sea
caves from Maine. These caves are formed in crystalline rocks, so are not comparable to
flank margin caves (since they are not soluble rocks). However, these caves form by the
same processes as the San Salvador sea caves (i.e. littoral wave attack). Traditionally,
sea cave morphology has been explained by guiding structural weaknesses in the rock
(e.g. faults and joints) (Moore, 1954). The Santa Cruz sea caves are extensively faulted
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and jointed and their morphology has clearly been guided by these structures. The sea
caves of San Salvador, however, contain none of these initial weaknesses, so some other
method must explain their formation. The same appears to be true with Maine sea caves,
though field observations have not been conducted to verify this. Therefore, some other
process must be responsible for the differential erosion that results in sea caves on a
uniform coastline like San Salvador. It is unlikely that all the sea caves found on San
Salvador are breached and modified flank margin caves (since so many occur in
Holocene rocks), so some other process must be responsible. Wave focusing might well
be the mechanism. Previous sea cave classification has been based on structural controls,
but this study has shown that sea caves form in rocks without any such structures. As in
hydrology, the properties of the water need to be considered as well. Porosity is not
enough to explain groundwater flow, in a like manner, rock structure alone is not enough
to explain sea cave formation.
All four groups of caves in this study were found to be distinct from each other
using several morphometric parameters. This reinforces the usefulness of these tools in
the classification of caves.
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APPENDIX A
ROAD MAP FOR SEA CAVES ON SAN SALVADOR
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Figure 31 Detailed road map for locating surveyed sea cave sites on San Salvador,
Bahamas.
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APPENDIX B
KEY TO MAP SYMBOLS
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Figure 32 Key to common cave map symbols.
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APPENDIX C
CAVE MAPS: FLANK MARGIN CAVES, CAT ISLAND
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Figure 33 Flank Margin Cave “A”. Cat Island, Bahamas.
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Figure 34 Flank Margin Cave “B”. Cat Island, Bahamas.
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Figure 35 Flank Margin Cave “C” (a.k.a. Port Royal Cave). Cat Island, Bahamas.
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APPENDIX D
CAVE MAPS: SEA CAVES, SAN SALVADOR
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Figure 36 Sea Cave “A”. San Salvador, Bahamas.
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Figure 37 Sea Cave “AA”. San Salvador, Bahamas.
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Figure 38 Sea Cave “BB”. San Salvador, Bahamas.
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Figure 39 Sea Cave “CC”. San Salvador, Bahamas.
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Figure 40 Sea Cave “DD”. San Salvador, Bahamas.
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Figure 41 Sea Cave “E” (upper left). San Salvador, Bahamas.
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Figure 42 Sea Cave “EE”. San Salvador, Bahamas.
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Figure 43 Sea Cave “F”. San Salvador, Bahamas.
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Figure 44 Sea Cave “G1”. San Salvador, Bahamas.
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Figure 45 Sea Cave “G2”. San Salvador, Bahamas.
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Figure 46 Sea Cave “G3”. San Salvador, Bahamas.
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Figure 47 Sea Cave “G4”. San Salvador, Bahamas.
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Figure 48 Sea Cave “G5”. San Salvador, Bahamas.
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Figure 49 Sea Cave “G6”. San Salvador, Bahamas.
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Figure 50 Sea Cave “G7”. San Salvador, Bahamas.
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Figure 51 Sea Cave “H”. San Salvador, Bahamas.

99

Figure 52 Sea Cave “I”. San Salvador, Bahamas.
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Figure 53 Sea Cave “J”. San Salvador, Bahamas.
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Figure 54 Sea Cave “K”. San Salvador, Bahamas.
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Figure 55 Sea Cave “N”. San Salvador, Bahamas.
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Figure 56 Sea Cave “O”. San Salvador, Bahamas.
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Figure 57 Sea Cave “P”. San Salvador, Bahamas.
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Figure 58 Sea Cave “Q”. San Salvador, Bahamas.
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Figure 59 Sea Cave “R”. San Salvador, Bahamas.
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Figure 60 Sea Cave “S”. San Salvador, Bahamas.
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Figure 61 Sea Cave “T”. San Salvador, Bahamas.
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Figure 62 Sea Cave “U”. San Salvador, Bahamas.
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Figure 63 Sea Cave “V”. San Salvador, Bahamas.
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Figure 64 Sea Cave “W”. San Salvador, Bahamas.
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Figure 65 Sea Cave “X”. San Salvador, Bahamas.
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Figure 66 Sea Cave “Y”. San Salvador, Bahamas.
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Figure 67 Sea Cave “Z”. San Salvador, Bahamas.
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Figure 68 Sea Cave “Z’” (Z-prime). San Salvador, Bahamas.
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Figure 69 Sea Arch “L”. San Salvador, Bahamas.
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Figure 70 Sea Arch “M”. San Salvador, Bahamas.
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APPENDIX E
CAVE MAPS: SANTA CRUZ SEA CAVES
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Figure 71 Arch Rock Cove Cave. Santa Cruz Island, California.

Figure 72 Baby’s Harbor Cave. Santa Cruz Island, California.
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Figure 73 Backdoor Cave. Santa Cruz Island, California.
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Figure 74 Respiring Crevice Cave and Backwash Cave. Santa Cruz Island, California.
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Figure 75 Bat Cave. Santa Cruz Island, California.
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Figure 76 Birdtracks Cave. Santa Cruz Island, California.
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Figure 77 Blimp Hangar Cave. Santa Cruz Island, California.
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Figure 78 Blue Grotto. Santa Cruz Island, California.

Figure 79 Boneyard Cave. Santa Cruz Island, California.
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Figure 80 Breathing Cave and Shark’s Teeth Cave. Santa Cruz Island, California.
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Figure 81 Cave of the Mists. Santa Cruz Island, California.
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Figure 82 Cave of the Sea-Swifts. Santa Cruz Island, California.

Figure 83 Cave of the Swimming Cormorants. Santa Cruz Island, California.
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Figure 84 Cavern Point Caves. Santa Cruz Island, California.
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Figure 85 Cavern Point Cove Caves 1 and 2. Santa Cruz Island, California.
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Figure 86 Cavern Point Cove Caves 3-5. Santa Cruz Island, California.

132

Figure 87 Cave of the Bird’s Eggs. Santa Cruz Island, California.
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Figure 88 Coche Cove Cave. Santa Cruz Island, California.
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Figure 89 Contact Cave. Santa Cruz Island, California.

Figure 90 Cormorant Cave. Santa Cruz Island, California.
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Figure 91 Could Go Cave. Santa Cruz Island, California.

Figure 92 Cueva Valdez. Santa Cruz Island, California.
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Figure 93 Del Mar Cove Cave. Santa Cruz Island, California.
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Figure 94 Double Decker Cave. Santa Cruz Island, California.
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Figure 95 Dripstone Cave. Santa Cruz Island, California.

Figure 96 Dry Sandy Beach Cave. Santa Cruz Island, California.
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Figure 97 Emerald Pool Cave. Santa Cruz Island, California.
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Figure 98 Faultless Cave. Santa Cruz Island, California.

Figure 99 Fern Grotto. Santa Cruz Island, California.

141

Figure 100 Urchins Galore Cave and Flotsam Cave. Santa Cruz Island, California.
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Figure 101 Fry’s Harbor Cave. Santa Cruz Island, California.
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Figure 102 Green Grotto. Santa Cruz Island, California.
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Figure 103 H Cave. Santa Cruz Island, California.

Figure 104 Hidden Amphitheater Cave. Santa Cruz Island, California.
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Figure 105 Hidden Canyon Tunnell. Santa Cruz Island, California.

Figure 106 Hidden Lake Cave and Y Cave. Santa Cruz Island, California.
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Figure 107 Hidden Room Cave. Santa Cruz Island, California.
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Figure 108 Kangas Cave. Santa Cruz Island, California.

Figure 109 Kelp Trap Cave. Santa Cruz Island, California.
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Figure 110 Kiwi Cave. Santa Cruz Island, California.

Figure 111 Fractured Tunnel and Leftover Cave. Santa Cruz Island, California.
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Figure 112 Little Painted Cave. Santa Cruz Island, California.
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Figure 113 Little Scorpion Bay Cave 1. Santa Cruz Island, California.

Figure 114 Little Scorpion Bay Cave 2. Santa Cruz Island, California.
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Figure 115 Little Scorpion Bay Cave 3. Santa Cruz Island, California.

Figure 116 Little Scorpion Bay Cave 4. Santa Cruz Island, California.
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Figure 117 Little Scorpion Bay Cave 5. Santa Cruz Island, California.
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Figure 118 Little Scorpion Bay Cave 6. Santa Cruz Island, California.
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Figure 119 Little “T” Cave. Santa Cruz Island, California.

Figure 120 Little Tex Cave and Tex Shelter Cave. Santa Cruz Island, California.
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Figure 121 Lost Lobster Cave 1 and 2. Santa Cruz Island, California.
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Figure 122 Midden Point Cave. Santa Cruz Island, California.
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Figure 123 Mussel Cave. Santa Cruz Island, California.

Figure 124 Natural Bridge Cave. Santa Cruz Island, California.
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Figure 125 Neptune’s Trident Cave. Santa Cruz Island, California.
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Figure 126 Not Much Cave. Santa Cruz Island, California.
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Figure 127 Painted Cave. Santa Cruz Island, California.
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Figure 128 Painted Grotto. Santa Cruz Island, California.

Figure 129 Platt’s Harbor Caves. Santa Cruz Island, California.
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Figure 130 Potato Harbor Cave. Santa Cruz Island, California.

Figure 131 Potato Rock Cove Wet and Dry Caves. Santa Cruz Island, California.
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Figure 132 Purple Urchin Cave. Santa Cruz Island, California.

Figure 133 Scorpion Bay Caves. Santa Cruz Island, California.
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Figure 134 Seal Canyon Cave. Santa Cruz Island, California.
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Figure 135 Seal’s Secret Cave. Santa Cruz Island, California.
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Figure 136 Seastack Cave. Santa Cruz Island, California.
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Figure 137 Sharp Cobble Cave and Grey Cobble Cave. Santa Cruz Island, California.

Figure 138 Shipwreck Cave. Santa Cruz Island, California.
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Figure 139 Sidepocket Cave. Santa Cruz Island, California.

Figure 140 Suicide Crevice Cave. Santa Cruz Island, California.
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Figure 141 Surging T Cave and Little Blowhole Cave. Santa Cruz Island, California.
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Figure 142 Surging Tidepool Cave. Santa Cruz Island, California.

Figure 143 Surprise Blowhole Cave. Santa Cruz Island, California.
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Figure 144 Swiss Surprise Cave. Santa Cruz Island, California.

Figure 145 Thrashed Dinghy Cave. Santa Cruz Island, California.
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Figure 146 Thunder Cave. Santa Cruz Island, California.

Figure 147 Uvula Cave. Santa Cruz Island, California.
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Figure 148 Varicolor Sponge Cave. Santa Cruz Island, California.
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Figure 149 Waterfall Cave. Santa Cruz Island, California.
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Figure 150 West Cavern Point Cave. Santa Cruz Island, California.
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Figure 151 Willows Anchorage Cave 1. Santa Cruz Island, California.
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APPENDIX F
CAVE MAPS: MAINE SEA CAVES
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Figure 152 Anemone Cave. Mt. Desert Island, Maine.
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Figure 153 Bernard Mountain Sea Cave. Mount Desert Island, Maine.

Figure 154 Cadillac Cliffs Sea Cave. Mount Desert Island, Maine.
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Figure 155 Champlain Mountain Sea Cave. Mount Desert Island, Maine.

Figure 156 Day Mountain Cave. Mount Desert Island, Maine.
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Figure 157 Gorham Mountain Sea Cave. Mount Desert Island, Maine.

Figure158 Great Head Cave. Mount Desert Island, Maine.
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Figure 159 Stag Cave. Mount Desert Island, Maine.
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APPENDIX G
CAVE MAPS: OTHER COASTAL FEATURES
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Figure 160 Coastal Notch “B”. San Salvador, Bahamas.
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Figure 161 Coastal Notch “C”. San Salvador, Bahamas.
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Figure 162 Coastal Notch “D”. San Salvador, Bahamas.
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APPENDIX H
CAVE DATA: FLANK MARGIN CAVES
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APPENDIX I
CAVE DATA: SAN SALVADOR SEA CAVES
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APPENDIX J
CAVE DATA: SANTA CRUZ SEA CAVES
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APPENDIX K
CAVE DATA: MAINE SEA CAVES
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APPENDIX L
CAVE DATA: OTHER COASTAL FEATURES
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